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Low-lying phonon dispersion curves ofD0; CusAl (+Be)
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The low-lying phonon dispersion curves obd); ordered CygAl (+Be) shape-memory alloy were measured,
at room temperature, along thé00], [££0], [££€], [£€1], and[%, % £] symmetry directions. As in other bcc
metals and alloys, we find that the frequencies of Tg[ ££0] modes are relatively low and that the£££]
branch exhibits a pronounced dip&t % The measured low-lying phonon dispersion curves are quite similar
to those of a bcc structure. Actually, a fifth-nearest-neighbor force constant bcc model provides a satisfactory
fit to the low-lying phonon dispersion curves of this alloy. This model was used to evaluate the elastic
constants, the phonon density of states, and the lattice specific heat. The results of these calculations are in
good agreement with macroscopic measurements of the elastic constants and specific heat of this alloy.
[S0163-182609)02114-1

I. INTRODUCTION Il. EXPERIMENTAL DETAILS

. The Cu-Al-Be crystal used in the present experiment was
_ Many bee metals and alloys undergo a first-order martenyqyiged to us by M. Morin and S. Belkahla of the Institut
sitic phase transition to a close-packed phaBecause of ges Sciences Appliges in Lyon(France. The master alloy,
their shape-memory properties, noble-metal-based alloys affom which the crystal was grown, was prepared by adding
of particular interest. Cu-based alloys belong to this familyappropriate quantities of 99.99 wt% pure Cu and Al to a
of compounds and have received, in recent years, consideCu-4.3 wt % Be alloy. The crystal was grown by the Bridg-
able attention. These alloys are Hume-Rothery phases fanan technique in a quartz crucible. It was homogenized in
which the phase stability is governed by the concentration odir at 1120 K, and then quenched in water at 298 K. After
valence electron$.The bce structure is only stable at high quenching the crystal was cleaned with dilute nitric acid. The
temperaturéusually above-700-800 K, but by means of a dimensions of the sample are %8.4x 7.3 mn?.
sufficiently rapid cooling, it is possible to retain the bcc At room temperature the GHs7Alg 207B€ 0355 Crystal
structure in a metastable state at lower temperatures. Thigas a bcc lattice parameter of 2.90 A, and it exhibitsDig
relatively low-temperature metastable bcc phase usually exsrdered structure, as verified by both x-ray- and neutron-
hibits long-range atomic order. The most common orderediiffraction measurements. The order-disorder and martensi-
structures are th&2 (Pm3m) and DO or L2; (Fm3m) tic transition temperature of the sample were determined, by
structures Upon further cooling, the alloys transform mar- calorimetric measurements, to be 803 and 145 K, respec-
tensitically to the low-temperature phase. An important featively. The elastic constants of the sample were obtained by
ture of the Cu-based alloys is that the addition of smallultrasonic techniqueSand in a previous inelastic neutron-
amounts of a third alloying elemerisuch as Bpmakes it  scattering experimefitwe studied the temperature depen-
possible to obtain alloys with a broad range of martensiticdence of thel A,[ 110] phonon dispersion curve; in this latter
transition temperatures. study the sample was labeled as crystal™
In this paper we present the results of an inelastic neutron- The measurements were performed using the HB1-A and
scattering study of only the low-lyingless than approxi- HB-3 triple-axis spectrometers at the High Flux Isotope Re-
mately 25 meV vibrational modes of CiAl(+Be) alloy at  actor(HFIR) of the Oak Ridge National Laboratory. In both
room temperature, because one may expect these acouséisectrometers pyrolitic graphite, reflecting from t{@02)
branches to resemble those of a bcc lattice. At room temperglanes, was used as monochromator and analyzer. The mea-
ture this alloy exhibits thé0; ordered structufewhich is  surements on HB-1A were performed at a constant incident-
based on the bcc structure. The conventional unit cell conaneutron energy of 14.7 meV and those on HB-3 at a constant
tains eight bcc cells and the lattice parameter is doubled. Thscattered-neutron energy of 30.5 meV. In all measurements,
addition of a small amount of beryllium to the stoichiometric a pyrolitic graphite filter was positioned either before or after
CusAl does not modify significantly the position of the eu- the sample to attenuate the higher-order contamination of the
tectoid point in the equilibrium phase diagramand the beam. In all measurements collimation of 40 min of arc be-
order-disorder transition temperature of this ternary alloy iSfore and after the sample, and 70 min of arc between ana-
only weakly dependent on the Be. As we already pointedyzer and detector was used. Before the monochromator, 40
out, on the other hand, the martensitic transition temperaturmin of arc and no collimation was used on HB-3 and HB-
is very sensitive to the Be concentration. 1A, respectively.
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TABLE |. Measured phonon frequenciémeV) of DO; CuAl(+Be). The T,[££0] data are from a
previous investigatioriRef. 8.

3 L[00Z] 3 Alé€1] 3 T,[£40] 3 T[£€]
0.05 4.0:0.1 0.25 23.60.2 0.05 1.#+0.1 0.05 2.20.1
0.10 7.0:0.1 0.35 25.60.3 0.10 2.20.1 0.10 4701
0.15 10.6:0.1 0.50 20.503 0.15 3.60.1 0.15 6.90.1
0.20 12.5-0.1 0.20 3.7#0.1 0.20 9.20.1
0.25 14.8-0.1 4 710.5 0.5¢] 0.25 4.2£0.1 0.25 11.60.1
0.35 18.3:0.1 0.85 7.40.1 0.30 4.50.1 0.30 14.30.2
0.40 19.5-0.2 0.75 9.80.3 0.35 4.90.1 0.35 15.60.1
0.45 20.5-0.1 0.60 17.40.2 0.40 5.20.1 0.40 17.30.4
0.50 20.5-0.2 0.50 19.80.3 0.45 5.40.1 0.45 18.90.1
0.60 21.4-0.1 0.00 540.1 0.50 5.40.1 0.50 20.50.1
0.70 21.6:0.1 0.60 23.6:0.2
0.80 22.0-0.1 ¢ A[0.50.5¢] & T,[££0] 0.70  24.6-0.3
0.90 21.9-0.1 0.900 19.30.4 0.05 3.50.1 0.80 23.30.6
1.00 21.9-0.2 0.750 19.90.3 0.10 7.60.1 090 23502
0.500 19.80.2 0.15 10.*0.1 1.00 22.80.1
3 T[00£] 0.400 19.5:0.2 0.20 13.*0.1
0.10 4.8:0.1 0.375 19.90.2 0.25 15.«0.1 3 L[&E€]
0.15 7.4:0.1 0.250 19.%0.2 0.30 17.60.1 0.05 8.6:0.1
0.25 11.6:0.1 0.125 19.60.2 0.40 19.80.1 0.10 15.30.1
0.35 15.#0.1 0.000 19.80.2 0.45 19.80.1 0.15 18.50.1
0.40 17.3:0.1 0.50 19.80.1 0.20 23.%0.3
0.50 19.8-0.1 ¢ 0.5 0.5¢] 025 24.5-0.6
0.60 22.8-0.1 0.500 19.80.4 & L[ ££0] 0.30 23.10.1
0.70 24.3-r0.5 0.425 24.40.8 0.05 5.60.2 035 23.%#03
0.80 24.3:0.5 0.375 24.50.5 0.10 11.60.1 0.40 24503
0.90 22.10.1 0.250 25.20.2 0.15 16.30.1 0.45 23.80.2
1.00 22.2:0.2 0.125 22.80.2 0.20 19.30.1 0.50 20.60.2
0.000 22.2-0.6 0.25 22.#0.1 0.55 17.30.1
&  &£1] 0.30 24.6-0.1 0.60 14.60.2
0.25 16.6:0.3 0.35 24.403 0.70 15.6:0.2
0.35 12.2:0.1 0.40 23.60.5 0.75 14.90.2
0.40 9.6:0.1 0.45 23.%0.8 0.80 17.90.2
0.45 6.6:0.1 050 22.205 085 20.20.1
0.50 5.6:0.1 1.00 20.60.2
Ill. EXPERIMENTAL RESULTS AND DISCUSSION as we demonstrated in a previous investigafiatecrease

ith decreasing temperature. It should be pointed out that

The measurements were performed at room temperatu%’é. latter feature i i I hich und
with the (110 crystal plane oriented to coincide with the IS 'atter feature IS common o many afloys which undergo a
martensitic transformation.

(horizonta) scattering plane. The measured phonon frequen- i .

cies along the main symmetry directions are listed in Table |, "€ measured phonon frequencies are approximately 10—
The low-lying dispersion curves are quite similar to those of20 % lower than thos8 of the DO ordered FeAl, if one

the bcce structure. This can be seen in Fig. 1 where the medakes into account the differences in mass, lattice constant,
sured dispersion curves are plotted in the extended zor@nd melting temperature of these materials. The frequency of
scheme to emphasize this similarity. the zone boundary mode of tAeA,[ 110] branch of FeAl,

Two features of the measured dispersion curves should ben the other hand, is more than two times larger than the
noticed. It can be seefFig. 1) that the longitudinal£€£]  corresponding frequency in GAl (+Be). This big difference
branch exhibits a pronounced dip &t 2. This feature is is most likely the reason why E&l does not undergo a
typical of all bcc materials and it is due to their natural in- martensitic transformation.
stability towards the formation of the phase. Also, the The data were analyzed by conventional bcc Born—von
frequencies of thd A,[ 110] modes are relatively low and, Karman models including up to five-nearest-neighbor force
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FIG. 2. Partial phonon density of states D0; CuAl(+Be),
calculated using the force constants listed in Table II.

Reduced Wave Vector

FIG. 1. Phonon dispersion d0; CuAl(+Be) at room tem-
perature in the extended zone scheme. The solid lines were obtained . ) ) .
by fitting the data to a fifth-nearest-neighbor force constant bee- It can be seen that the various peaks in this partial phonon
model. density of state$Fig. 2) correspond to the high phonon den-
sity regions of the dispersion curves, except those in the
vicinity of 12 meV. Calculations based on the five-nearest-
geighbor force constant model show that these peaks corre-
spond to high phonon density regions of tha[ ££2¢] dis-
é)ersion curve.

The bcc phonon density of states was used to estimate the
Fattice contribution to the specific heat of £u(+Be). The
éesults expressed in terms of an effective Debye temperature
0 are plotted in Fig. 3, and the actual values of the calculated

tained by the model, on the other hand, is 17% larger thal§pecific heat are compared in Fig. 4 with calorimetric mea-

the experimental value and changes considerably as the nurﬁg:ﬁn::?;‘; gf rt:;; ;?ot?rln Stﬁgcggmleitinp?gogng& Oﬂsti’; sn;all
ber of the nearest-neighbor force constants included in th P ' 9 ystal, 9

model’s increases. A more reliable estimate for this elastié;;ot?gtaﬁi i';i[ﬁg:g T;?irégmsg gg!‘?g'r;ee;?ri'sltir']s SLﬁtEe'g. 0od
constant can be obtained directly from the slope of thea reement with the total s ecifir(; heat. This is as e(]x ect%d for
L[100Q] branch, and this value is in good agreement with thethge following reasons. Fi pt 1 the t ’ t P £ th
ultrasonic measurements. 9 - First,n the temperature range of he

The phonon density of states, for the low-lying dispersioncalor'r.netrlc measurements the electronic specific heat is
curves described by the bce model, was calculated by thnegllglble compared to the lattice specific heat. Second, in

method of Gilat and Raubenheimkand it is plotted in Fig. this temperature range, the three relatively high-energy opti-
cal modes, not included in the model, do not contribute sig-

nificantly to the lattice specific heat. Actually, if the small

constants. It can be se@rig. 1) that a fifth-nearest-neighbor
bcc model provides an adequate fit to the experimental dat
This is the most important result of the present paper.

The force constants obtained by fitting the data and th
elastic constants evaluated using this model are listed i
Table Il. The elastic constan@&’ andC,, obtained from the
fit to the experimental data are in good agreement with th
measured elastic constafitdhe elastic constan€,; ob-

TABLE II. Longitudinal () and transversé) axially symmetric
force constants obtained by fitting the data to a fifth-nearest-

neighbor force constant bcc model. Comparison of the elastic con- Debye Temperature

stants derived from the model with ultrasonic measuremésee 450 [ Cu,Al (+Bo)
text). s
400 ]
# Atoms I t
Shell r (A) inshell  (10dyn/cm)  (10°dyn/cm) _
& 350 ]
1 2.526 8 7.971 -0.716 3
2 2.903 6 —0.387 0.607 500 b
3 4.105 12 0.767 0.067
4 4.814 24 0.513 —0.266
5 5.028 8 1.003 0.259 250 ]
Elastic constant§GP3 [
Model ExperimeniRef. 7) 200 T 00 200 300 400 500
T(K)
Ci1 165 141
Cus 83 91 FIG. 3. Temperature dependence of the effective Debye tem-
C’ 7.49 7.64 perature, evaluated using the partial phonon density of states plotted

in Fig. 2.
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1.2 In summary, we have measured the low-lying phonon dis-
Cu,Al (+Be) persion curves of ®0; ordered CyAl (+Be) shape-memory
Tr » = = alloy. We find, in particular, that the low-lying dispersion
= curves of this Cu-based alloy afas in the cas@ of Fe;Al)
o 08 r1 quite similar to those of a bcc metal. The elastic constants
W and lattice specific heat, calculated from a Born—von
é 06 r Karman fit to the data, are in good agreement with macro-
5 scopic measurements of these quantities. The results ob-
04 F tained in this experiment can be used, by appropriate scaling,
to describe the lattice vibrational properties of other families
02 r of Cu-based alloys, since there is considerable evidérite
. . . . that these properties are quite similar for these families.
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